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We have used a yeast two-hybrid system to identify a baculoviral gene encoding a protein kinase-interacting protein (PKIP).
The pkip gene is located at 15.8–16.2 m.u (map units) and represents ORF 24 in the sequence of Ayres et al. (1994) of the
Autographa californica nuclear polyhedrosis virus. PKIP is a 19.2-kDa protein and appears to stimulate the activity of the viral
protein kinase-1 in vitro. Northern blotting analysis revealed that pkip is a late gene. Attempts to plaque purify a pkip2 virus
were unsuccessful. © 1998 Academic Press
INTRODUCTION
Viral gene expression in the Autographa californica
nuclear polyhedrosis virus (AcMNPV) is regulated mainly
at the transcription level by two distinct RNA poly-
merases. Early gene expression is controlled by host
RNA polymerase II, whereas late and very late genes are
transcribed by an a-amanitin-resistant RNA polymerase
(Fuchs et al., 1983; Huh and Weaver, 1990; Yang et al.,
1991; Glocker et al., 1993; Beniya et al., 1996). Recently,
this RNA polymerase has been purified through several
steps; it retained the ability to transcribe late and very
late genes accurately in vitro and appeared to contain
multiple subunits (Beniya et al., 1996). Eighteen viral
genes have been shown to be required for late and very
late gene expression by transient assay (Todd et al.,
1995). At least 2 other genes, vlf-1 (McLachlin and Miller,
1994) and pk-1 (Fan et al., 1996), have been shown by
genetic analysis to be involved in very late gene expres-
sion. The pk-1 gene is a late viral gene that encodes
protein kinase-1 (PK-1), one of the smallest serine–threo-
nine protein kinases identified (Reilly and Guarino, 1994).
The involvement of PK-1 in very late gene expression
raises interesting questions about the nature of this
involvement and the identity of the enzyme’s substrates.
Many viral proteins have been reported to be phosphor-
ylated during the course of viral infection, including gp64
(Maruniak and Summers, 1981), p6.9 (Kelly and Lescott,
1984), pp34 (Whitt and Manning, 1988), pp31 (Guarino et
al., 1992), and the product of ORF 1629 (Vialard and
Richardson, 1993). At least one phosphoprotein, pp31,
has been shown to be involved in very late gene expres-
sion (Lu and Miller, 1995). In an attempt to identify the
substrates of the viral protein kinase, we used a yeast
two-hybrid system to isolate genes whose products can
interact with the protein kinase. The first gene identified
by this system is a viral gene encoding a 19.2-kDa
protein. This gene was named pkip, for ‘‘protein kinase-
interacting protein.’’ PKIP contains a putative nuclear
localization signal at its N-terminus. We present evi-
dence that PKIP associates with PK-1 in virus-infected
cells and stimulates PK-1 in vitro.
RESULTS
Yeast two-hybrid screen
In an effort to identify proteins that interact with PK-1,
including the substrate(s) of the enzyme, we performed a
yeast two-hybrid analysis, using the Stratagene Hybri-
ZAP system. We ligated the PK-1 gene in frame with the
GAL4 DNA-binding domain coding region in a phagemid
vector, yielding a bait plasmid that produced a fusion
protein bearing the GAL4 DNA-binding domain at the
amino end and PK-1 at the carboxyl end. We prepared
cDNAs from mRNAs isolated from AcMNPV-infected
SF21 cells at 18 h p.i. and ligated them into a lambda
vector bearing the GAL4 transcription activation domain.
This lambda cDNA library was used for mass excision of
phagemids, yielding a phagemid library encoding fusion
proteins with the GAL4 transcription activation domain at
their amino ends and the cDNA products at their car-
boxyl ends. Yeast cells were transformed first with the
bait plasmid and then with the phagemid library and
screened for growth on SD medium lacking leucine,
tryptophan, and histidine.
Approximately 800 colonies grew on SD plates without
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leucine, tryptophan, and histidine. Most of these colonies
were small and did not grow larger with continued incu-
bation. Thirty-five larger colonies were re-inoculated
onto a new SD plate lacking leucine, tryptophan, and
histidine and analyzed for b-galactosidase activity. The
activation domain plasmids were isolated from 10 yeast
colonies that were able to produce b-galactosidase.
These plasmids were then used to retransform yeast
cells along with pBD-GAL4-pk, or pBD-GAL4, or pBD-
GAL4-p53 plasmids. The latter two plasmids were neg-
ative controls used to examine the dependency of the
reaction on PK-1. In particular, p53 is a tumor suppressor
protein with no relationship to PK-1. Nine of ten plasmids
with cDNAs fused to the GAL4 AD domain were able to
confer on yeast cells the ability to grow on plates lacking
leucine, tryptophan, and histidine when pBD-GAL4-pk,
but not pBD-GAL4 or pBD-GAL4-P53, was cotransformed
along with it. The growth and b-galactosidase production
of cells transformed with two positive clones (Nos. 1 and
4) and with the BD vectors are shown in Fig. 1. All of the
cotransformed cells grew on selective medium lacking
leucine and tryptophan, showing that they all had taken
up both the AD and BD plasmids (Fig. 1, top left). How-
ever, only the cells containing the pk-1 gene fusion
showed b-galactosidase activity, which is indicative of
interaction between the two fusion proteins (Fig. 1, top
and bottom right). Thus, this interaction depended on the
presence of PK-1. In addition, the yeast cells used in
these assays contained a HIS gene that is activated by
GAL4, so growth in medium lacking histidine should
occur only if the two fusion proteins interact. Figure 1,
bottom left, shows that clones 1 and 4 were able to
confer such growth in the presence of the pBD-GAL4-pk
fusion, but not with the controls. Thus, this assay also
demonstrates that interaction between the two fusion
proteins depended on PK-1. One clone produced protein
that was able to interact directly with the GAL4 DNA-
binding domain or to bind to DNA in the absence of the
protein kinase. This clone therefore was a false positive
and was not characterized further.
Sequencing and northern blotting analysis
All nine positive clones appeared to contain a similar
size cDNA insert of about 600 bp. Five of these were
randomly picked and partially sequenced. The sequence
of approximately 350 bp of the 39 ends of these clones
revealed that they all contained the same ORF with
different 39 tails (Fig. 2). The sequence matched that of
ORF 24 located at 15.8–16.2 m.u., which codes for a
polypeptide of 169 amino acids (Ayres et al., 1994). A
BLAST search for similarity to known proteins showed
very significant similarity to the homologous proteins
encoded by the Bombyx mori and Orgyia pseudotsugata
NPVs and limited similarity to various nonbaculoviral
proteins, including a nonstructural protein from canine
parvovirus, feline panleukopenia virus, and mink entero-
virus (host-range variants of feline parvovirus). The sig-
nificance of these similarities is not clear. Ayres et al.,
(1994) identified a typical late transcription start site
(TTATAAGT) 10 bp upstream of the translation start codon
(ATG). Sequence analysis also showed that the cDNAs
contain a putative polyadenylation signal with the se-
quence ATAAATAAAAAA, where the first TAA serves as
the translation stop codon. This site was found 17–37 bp
upstream of the poly(A) tails.
Northern blot analysis was performed to characterize
the transcription of pkip in SF21 cells infected with wild-
type AcMNPV (Fig. 3). We observed a transcript of 1.2 kb,
first detected at 6 h p.i., which declined by 24 h p.i., and
a second transcript of 0.57 kb, first detected at 12 h p.i.,
which persisted into the very late phase. These results
are consistent with the assignment of pkip to the late
class of genes.
In vivo interaction assay
To verify that the interaction between PK-1 and PKIP
actually occurs in AcMNPV-infected cells, pkip was
cloned into the pAcG2T vector and used to generate a
recombinant virus expressing pkip as a GST-PKIP fusion
FIG. 1. Filter-lift assay for verifying the interaction between the pro-
tein kinase and its target protein. The pAD-GAL4-cDNA clones were
isolated from transformed yeast cells that could grow on medium
lacking histidine. These cDNA clones were then used to transform
yeast cells containing the pBD-GAL4-pk plasmid or other binding do-
main vectors, as indicated. Transformed cells growing on the indicated
media were analyzed for b-galactosidase activity with the indicator
X-gal. Results for clones 1 and 4 are shown. Similar behavior was
observed with the other seven clones.
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protein in SF21 cells. At 48 h p.i., GST-PKIP was purified
by glutathione affinity chromatography and analyzed by
SDS–PAGE to see if a protein with the properties of PK-1
copurified with GST-PKIP. As a control, the same exper-
iment was run with cells infected by a recombinant virus
producing GST with no PKIP attached. When cells were
infected with the virus overexpressing the GST-PKIP fu-
sion protein, an additional protein with a molecular mass
of 32 kDa copurified with GST-PKIP (Fig. 4, lane 4).
However, no such protein copurified with GST when cells
were infected with the virus that overexpressed GST
alone (Fig. 4, lane 3). When cells were infected with two
recombinant viruses, one of which overexpressed PK-1
and one of which overexpressed GST-PKIP, a proportion-
ally greater amount of the 32-kDa protein copurified with
GST-PKIP (Fig. 4, lane 2). The molecular mass of PK-1 is
32 kDa, which is the same as that of the copurifying
protein, suggesting that PK-1 associated with PKIP in
vivo. The fact that proportionally more of the 32-kDa
protein copurified with GST-PKIP when GST-PKIP and
PK-1 were co-overexpressed is consistent with the hy-
pothesis that the 32-kDa protein is PK-1.
To test the hypothesis that the copurified protein is
indeed PK-1, we performed a protein kinase assay using
histone H1 as substrate. Protein kinase was first ex-
pressed in SF21 cells as a GST-PK-1 fusion protein. Then
GST-PK-1, GST-PKIP, and GST were purified from cells
infected with recombinant viruses that overexpress
these proteins, respectively. Equal amounts of these pu-
rified proteins were incubated with histone H1 and
tested for protein kinase activity. As shown in Fig. 5,
GST-PK-1 and GST-PKIP showed protein kinase activity,
FIG. 2. Sequence of the protein kinase-interacting protein gene (pkip). cDNA clones were isolated from transformed yeast cells growing on medium
lacking histidine and producing b-galactosidase only in the presence of the pBD-GAL4-pk plasmid. The sequences of approximately 350 bp from
several clones were determined, and these sequences matched that of the corresponding part of ORF 24 determined by Ayres et al. (1994). The Ayres
et al. sequence and the predicted amino acid sequence are presented, along with three alternative polyadenylation sites as determined by our
sequence analysis of cDNA inserts.
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whereas GST has no protein kinase activity under the
same reaction conditions. Because PKIP does not exhibit
any apparent homology to protein kinases, it is unlikely
that GST-PKIP itself has protein kinase activity. As shown
below, GST-PKIP overexpressed in Escherichia coli has
little if any protein kinase activity. This finding along with
the demonstration in the yeast two-hybrid assay that
PKIP and PK-1 associate with each other support the
hypothesis that the protein kinase activity associated
with GST-PKIP isolated from baculovirus-infected cells is
due to PK-1 associating with GST-PKIP, not to GST-PKIP
itself. However, it remains a formal possibility that this
protein kinase activity is due to another protein kinase
besides PK-1.
Stimulation of protein kinase activity
To obtain a better measure of the intrinsic protein
kinase activity, if any, of GST-PKIP, we cloned pkip into
pGEX2T, to express pkip as a GST-PKIP fusion protein in
E. coli. We purified GST-PKIP from E. coli culture to avoid
the apparent viral PK-1 associated with PKIP purified
from infected SF21 cells. Figure 6 shows the results of
SDS–PAGE performed on GST and GST-PK-1 purified
FIG. 3. Northern blot analysis of pkip transcripts. Total cellular RNA
was isolated from wild-type AcMNPV-infected SF21 cells at the time
points postinfection indicated at the top. The positions of size stan-
dards from an RNA marker lane are indicated at left. A nick-translated,
32P-labeled probe was used to detect the pkip transcripts. Arrows at
right point to the major 0.57- and 1.2-kb transcripts detected.
FIG. 4. Copurification of the viral protein kinase with GST-PKIP. Cells
were infected with viruses that overexpress GST and PK-1 (lane 1);
GST-PKIP and PK-1 (lane 2); GST alone (lane 3); or GST-PKIP alone
(lane 4). The positions of GST-PKIP, PK-1, and GST are indicated at right.
The markers in lane M are identified by molecular mass in kDa at left.
FIG. 5. In vitro phosphorylation of histone H1 by GST-PK-1 and
GST-PKIP. Proteins were purified from cells infected with viruses that
overexpress GST-PK-1, GST-PKIP, or GST, respectively. The indicated
amounts (50, 100, and 200 nM) of each protein were used in in vitro
protein kinase assays, with histone H1 as substrate. Equal volumes of
each reaction were analyzed by 12% SDS–PAGE, followed by autora-
diography.
FIG. 6. Expression of PKIP and PK-1 as GST-fusion proteins. The pkip
gene was cloned into the expression vector pGEX-2T to produce a
GST-PKIP fusion protein in E. coli. The pk-1 gene was cloned into a
baculovirus transfer vector (pAcG2T) and this construct was used to
generate a recombinant virus that overexpresses the fusion protein
GST-PK-1. The fusion proteins, and GST from recombinant virus-in-
fected cells, were purified using glutathione chromatography. Lane 1,
GST; lane 2, GST-PK-1; lane 3, GST-PKIP. The mobilities of the fusion
proteins and GST alone are indicated at right, and the markers in lane
M are identified by molecular mass in kDa at left.
178 FAN, MCLACHLIN, AND WEAVER
from recombinant virus-infected SF21 cells and GST-
PKIP purified from E. coli. All purifications were done by
glutathione affinity chromatography. The GST-PKIP so
purified was tested in a protein kinase assay under
standard reaction conditions. Only a trace amount of
protein kinase activity was observed, as shown in Fig. 7
(lane 1). This residual protein kinase activity could be
due to weak interaction with bacterial protein kinase(s).
This result strengthened the hypothesis that the protein
kinase activity in GST-PKIP preparations from recombi-
nant virus-infected cells did not come from PKIP itself,
but from the 32-kDa protein that copurified with GST-
PKIP, which appears to be PK-1. This implies that PK-1
associates with PKIP in AcMNPV-infected cells.
The results in Fig. 5 demonstrated that the protein
kinase activity obtained from the GST-PKIP reaction was
higher than that in the parallel GST-PK-1 reaction per-
formed with comparable amounts of the two proteins.
Furthermore, as shown in Fig. 4 (lane 4), the ratio of
GST-PKIP to PK-1 in the purified GST-PKIP preparation is
approximately 20 to 1. Therefore, in reactions containing
equimolar amounts of GST-PKIP and GST-PK-1, the
amount of protein kinase is much less in the GST-PKIP
preparation. Thus, the higher protein kinase activity
present in the GST-PKIP preparation suggested that PKIP
stimulates the protein kinase activity in vitro. To check
this hypothesis further, we tested the bacterially ex-
pressed and purified GST-PKIP in protein kinase assays
to determine its stimulatory effect on GST-PK-1 activity.
As shown in Fig. 7, the protein kinase activity of GST-PK-1
was strongly stimulated by GST-PKIP. In other assays,
equivalent amounts of GST did not stimulate GST-PK-1
(data not shown). This result reinforces the notion that
PKIP can stimulate PK-1 activity in vitro.
An alternative, but less likely, explanation for the
higher protein kinase activity in the complex between
GST-PKIP and PK-1 we isolated from virus-infected cells
is that the PK-1 contaminating the GST-PKIP preparation
exists in its natural state, with no GST tag, and this may
have higher protein kinase activity than that of a GST-
PK-1 fusion protein. To test this hypothesis, we first
digested GST-PK-1 with thrombin to release protein ki-
nase from the fusion protein. Then, equal amounts of
digested GST-PK-1 and untreated GST-PKIP were used in
protein kinase assays. Figure 8 shows that the GST-PKIP
reaction (lane 2) still had higher protein kinase activity
than the digested GST-PK-1 preparation (lane 1). Thus,
simply releasing PK-1 from the GST-PK-1 fusion protein
did not appreciably stimulate its protein kinase activity.
All the evidence therefore indicates that PK-1 binds to
GST-PKIP in vivo and remains with it during purification,
and the GST-PKIP part of the complex stimulates the
PK-1 part in vitro.
Attempted construction of a pkip2 virus
As a test of the importance of pkip to the replication of
the virus, we attempted to create a pkip2 virus. We
inserted a lacZ reporter cassette into the coding region
of pkip and then stained plaques with X-gal. Approxi-
mately 50 blue plaques were obtained from 1000 plaques
screened. Five well-isolated blue plaques were selected
FIG. 8. In vitro stimulation of protein kinase activity by GST-PKIP.
Proteins were purified from cells infected with viruses that overexpress
GST-PK-1 or GST-PKIP by glutathione chromatography. GST-PK-1 was
digested with thrombin and then this protein and undigested GST-PKIP
were analyzed for protein kinase activity using histone H1 as substrate.
Lane 1, thrombin-digested GST-PK-1; lane 2, GST-PKIP preparation
containing native viral protein kinase associated with PKIP. Equal
volumes of each reaction were analyzed by 12% SDS–PAGE, followed
by autoradiography.
FIG. 7. In vitro stimulation of PK-1 activity by GST-PKIP. GST-PK-1 was
purified from cells infected with a recombinant virus (AcMNPV-GST-PK)
that overexpresses GST-PK-1. GST-PKIP was overexpressed in and
purified from E. coli. The protein kinase assays contained one or both
of the proteins in the concentrations (0, 50, or 100 nM) indicated at top.
Equal amounts of histone H1 were used in each reaction. Equal
volumes of each reaction were analyzed by 12% SDS–PAGE and auto-
radiography.
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for further purification. However, the pkip2 virus could
not be plaque purified. One interpretation of this result is
that the pkip gene is required for viral replication.
DISCUSSION
In an effort to identify the substrates of, or proteins
associated with, the viral protein kinase, we employed
a yeast two-hybrid system. This screen identified a
viral gene coding for a PKIP with a molecular mass of
19.2 kDa. The specific interaction between PK-1 and
PKIP was further confirmed by an in vivo interaction
assay, in which protein kinase copurified with GST-
PKIP, but not with GST, indicating that the viral protein
kinase associates with GST-PKIP to form a GST-PKIP-
PK-1 complex in AcMNPV-infected cells. The identity
of the copurified PK-1 was verified by in vitro phos-
phorylation of histone H1.
The PKIP sequence suggests that it may be a phos-
phoprotein, since it contains two casein kinase II recog-
nition motifs (S/T-X-X-D/E: TAID, position 37–40; and
SDLD, position 78–81) and two protein kinase C recog-
nition sites (S/T-X-R/K: SEK, position 68–70; and TQK,
position 100–102. So far, however, there is no direct
evidence that PKIP is a phosphoprotein.
Searches of protein and DNA databases revealed that
the B. mori and O. pseudotsugata NPVs encode proteins
similar to PKIP, but that similarities between PKIP and
non-NPV proteins in the database were quite limited.
However, PKIP does contain a putative nuclear localiza-
tion signal motif at its N-terminus: KKGQANLNS-
LIKLQNKKVK. Similar bipartite basic motifs have been
found in many nuclear proteins, including yeast RNA
polymerases I and III, the nuclear proteins CDC16 and
CDC25, and the transcription factors C-Fos and C-Jun
(Dingwall and Laskey, 1991). The existence of a nuclear
localization motif suggests that PKIP may be a nuclear
protein.
Since PK-1 is essential for very late (and some late)
gene expression (Fan et al., 1996), this protein may func-
tion in the nucleus of AcMNPV-infected cells. However,
since PK-1 does not contain an obvious nuclear targeting
sequence, it may have to be transported into the nucleus
by another protein, possibly PKIP. It is also possible that
PKIP merely stimulates PK-1 activity in vivo, without serv-
ing any transport function. Both of these notions embody
the idea that PK-1 activity depends on PKIP. If PK-1
activity does depend on PKIP, we would predict that
temperature-sensitive mutations in pk-1 and in pkip
would have similar phenotypes and that creation of null
pkip mutants would not be possible. In fact, Miller and
colleagues have found that a temperature-sensitive mu-
tation in pkip does have the same phenotype as some of
the pk-1 mutations reported by Fan et al. (1996): It is
profoundly defective in very late transcription (polh and
p10), but not in transcription of at least one late gene,
vp39 (L.K. Miller, personal communication). Moreover,
we have been unable to construct a null mutation in pkip.
Thus, all of the data are consistent with the hypothesis
that PKIP is required for an essential function of PK-1 in
very late transcription and in expression of at least one
other gene required for budded virus production.
MATERIALS AND METHODS
Cells and virus
Spodoptera frugiperda cells (IPLB-SF21) were main-
tained at 28°C in TC-100 medium supplemented with
10% fetal bovine serum (King and Possee, 1992). The L1
strain of AcMNPV (a gift from L. Miller, University of
Georgia) was used.
Expression plasmids for yeast two-hybrid screening
A yeast two-hybrid system kit (Hybri-ZAP) was pur-
chased from Stratagene. The protein kinase-1 gene was
obtained by PCR with pk-1-specific primers bearing
EcoRI restriction sites (underlined) as follows: 59-
GAGAATTCATGGCCACCACAAA-39 (forward) and 59-CA-
GAATTCTGCTTTACACGTAG-39 (reverse). The reverse
primer was designed to hybridize to a sequence 119 bp
downstream of the pk-1 stop codon. The wild-type
HindIII-N fragment was used as template. The 850-bp
DNA product was purified by agarose gel electrophore-
sis, cleaved with EcoRI, and repurified. The DNA frag-
ment was then cloned into the pBD-GAL4 vector in the
EcoRI site in the same orientation and reading frame as
the GAL4 DNA binding domain coding region. This al-
lowed PK-1 to be expressed as a fusion protein with the
GAL4 DNA binding domain.
To generate a cDNA library in the pAD-GAL4 vector,
mRNAs were isolated at 18 h p.i. from SF21 cells infected
with wild-type AcMNPV at an m.o.i. of 5 at 18 h p.i.; 6.5 mg
of mRNA was used to generate cDNAs along with an
oligonucleotide linker–primer and MMLV–RT (Moloney
murine leukemia virus reverse transcriptase) according
to the manufacturer’s instructions. cDNAs were then li-
gated into the EcoRI and XhoI sites of the Hybri-ZAP
vector. The resulting DNAs were packaged into lambda
phage particles to produce the primary library. This pri-
mary library was then titered and amplified. Mass exci-
sion of pAD-GAL4 phagemid was performed to generate
cDNA phagemids according to the manufacturer’s in-
structions.
Yeast transformation
The yeast strain YRG-2 was made transformation-com-
petent according to the manufacturer’s instructions.
Briefly, this involved growing cells to an OD600 of 0.8,
washing the cells in water and then in LiSORB solution
(100 mM LiOAc; 10 mM Tris–HCl, pH 8.0; 1 mM EDTA; 1
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M sorbitol), followed by mixing with an equal volume of
LiSORB containing sheared salmon sperm DNA (5 mg/
ml). Finally, the cells were mixed with 4.5 vol of TE buffer
containing 100 mM LiOAc and 40% (w/v) polyethylene
glycol.
These competent cells were transformed with plas-
mids according to the manufacturer’s instructions.
Briefly, 1 ml of competent yeast cells was mixed with 100
ng of plasmid and incubated at 30°C for 30 min, then
heat-shocked at 42°C for 8 min, incubated on ice for 8
min, and heat-shocked again for 8 min. The transformed
cells were then mixed with selective SD broth, lacking
one or more amino acids, as described below, and incu-
bated with agitation at 30°C for 1 h. The cells were
pelleted and resuspended in the same selective SD
broth and then plated on selective SD agar plates.
Yeast cells were first transformed with the pBD-
GAL4-PK plasmid and selected on SD plates without
tryptophan. This transformed yeast strain was then trans-
formed with 40 mg of cDNA phagemids prepared from
the cDNA library. The transformed cells were plated on
SD medium lacking leucine, tryptophan, and histidine.
Cells were then transferred onto Whatman No. 1 paper
and assayed for b-galactosidase activity according to
the manufacturer’s instructions.
DNA sequencing and Northern blot analysis
The pAD-GAL4-cDNA plasmids were isolated from pos-
itive yeast clones and sequenced with an automated se-
quencer (LICOR Model 4000) using a T7 primer. Northern
blotting was performed as follows. Total cellular RNA was
isolated from mock-infected and wild-type AcMNPV-in-
fected SF21 cells at various times postinfection. For each
time point, two plates of 5 3 106 cells per tissue culture
plate were infected at an m.o.i. of 20 PFU/cell. RNA was
obtained according to the method of Chirgwin et al. (1979).
For each sample, 25 mg of total RNA was denatured by
glyoxalation and electrophoresed through 1.2% SeaKem
agarose (FMC Bioproducts, Rockland, ME) according to the
protocol outlined in O’Reilly et al. (1992). The marker lane
containing the 0.24- to 9.5-kb RNA ladder (Gibco/BRL,
Gaithersburg, MD) was denatured with glyoxal before gel
electrophoresis and stained separately with ethidium bro-
mide. The remainder of the gel was transferred onto nylon
blotting membrane and hybridized overnight with a 32P-
labeled probe at 42°C in the presence of 50% formamide.
The pkip-specific probe was generated using a PCR prod-
uct of the pkip coding sequence which had been amplified
using the primer set, 59 orf24BglII: GGAAGATCTTTCAACAT-
GTCTTGCATATTAACTGCG and 39 orf24RI: CCGGAATTCT-
TATATACTATTTTCTATTACATATTC, and which was labeled
by nick-translation in the presence of [a-32P]dCTP (3000
Ci/mmol, NEN Research Products).
Recombinant proteins
The pkip gene was obtained by PCR with pkip-specific
primers including BamHI (forward) and EcoRI (reverse)
sites (underlined) as follows: 59-CTAGGATCCATGTCTTG-
CATATTA-39 (forward), and 59-CTAGAATTCCCTATGAT-
TATAGAA-39 (reverse). The reverse primer was designed
to hybridize to a sequence 76 bp downstream of the pkip
stop codon. The wild-type HindIII-J fragment was used as
template along with Pfu DNA polymerase (Stratagene) in
the PCR reaction. The PCR product was digested with
BamHI and EcoRI, purified, and cloned into the transfer
vector pAcG2T (PharMingen) using the BamHI and EcoRI
sites. This construct was used to generate a recombi-
nant virus (AcMNPV-PKIP) that overexpresses PKIP as a
GST-PKIP fusion protein in infected SF21 cells. The pro-
tein kinase gene was also cloned into the same transfer
vector to generate a recombinant virus (AcMNPV-PK)
that produces GST-PK-1 in SF21 cells. The transfer vector
itself was used to generate a recombinant virus
(AcMNPV-GST) expressing GST alone. Recombinant pro-
teins were purified using glutathione chromatography
according to the instructions of the manufacturer
(PharMingen).
The PCR-amplified pkip gene was cloned into the
pGEX-2T vector in the BamHI and EcoRI sites, and the
resulting construct was used to transform E. coli strain
DH5a to produce a GST-PKIP fusion protein. This fusion
protein was purified from E. coli culture according to
Fragioni and Neel (1993). The purified fusion protein was
used in in vitro protein kinase assays.
In vivo association
The interaction between PKIP and protein kinase in AcM-
NPV-infected cells was verified by an in vivo binding assay.
Cells (2 3 107) were infected with AcMNPV-GST-PKIP or
AcMNPV-GST at an m.o.i. of 5 or co-infected with AcMNPV-
GST-PKIP and AcMNPV-PK at m.o.i. of 5 and 20, respectively.
At 48 h p.i., cells were harvested, and GST or GST-PKIP were
purified according to the instructions of the manufacturer of
the pAcG2T transfer vector (PharMingen). The purified pro-
teins were analyzed by SDS–PAGE, stained with Coomassie
blue, and destained.
Protein kinase assays
Protein kinase assays of purified GST-PK and GST-
PKIP were performed in 30-ml reactions containing 50
mM Tris–HCl (pH 9.0), 5 mM MgCl2, 1 mM DTT, 1 mg of
the substrate histone H1 (Boehringer Mannheim GmbH),
7.5 mCi of [g-32P]ATP, and other components as indi-
cated. The reactions were performed at 37°C for 10 min.
Ten microliters of product from each reaction was ana-
lyzed by 12% SDS–PAGE and autoradiography.
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Attempted generation of pkip-defective virus
The wild-type HindIII-J fragment containing the entire
pkip sequence was cloned into the HindIII site of a
modified pTrc-His-C vector from which the EcoRV site
had been removed. A reporter cassette containing the
lacZ gene controlled by a Drosophila hsp70 promoter
(isolated from plasmid placZ, a gift from Dr. Susumu
Maeda, University of California, Davis) was inserted into
the EcoRV site located in the center of the pkip coding
region. The final plasmid construct was used to transfect
SF21 cells infected with wild-type virus at an m.o.i. of 0.1.
Transfection medium was used for plaque assay. Plates
with well-isolated plaques were stained with X-gal. Blue
plaques were picked and plaque purification was at-
tempted.
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